ABSTRACT--We investigated whether or not proliferation of adult rat hepatocytes induced by platelet-derived growth factor (PDGF) is affected by α 1 -adrenoceptor agonists such as phenylephrine during the early and late phases of primary culture. Adult rat hepatocytes underwent significant DNA synthesis after culture with 10 ng/ml PDGF for 2 hr at a low cell density (3.3 x 10 4 cells/cm 2 ). Under these culture conditions, the number of nuclei increased significantly during the 3.5 hr culture period. Hepatocyte DNA synthesis and proliferation induced by 10 ng/ml PDGF decreased slightly as a result of increasing the initial plating density. An 
INTRODUCTION
The majority of research on the mechanisms associated with hepatic growth has used partially hepatectomized animals in vivo (1) . Studying hepatocytes in primary culture in conjunction with current in vivo methods would provide a valuable tool for increasing our understanding of hepatocyte proliferation, because the influences of stimulatory and inhibitory factors in vivo can be isolated in the culture model. Thus, the growth conditions that may play a role in hepatocyte replication in vivo may be clarified in vitro. For example, hepatic parenchymal cells that are cultured in a defined medium for 24 hr and 48 hr undergo DNA synthesis and proliferation in the presence of a variety of growth factors, including epidermal growth factor (EGF), insulin and hepatocyte growth factor (HGF) (2) (3) (4) .
In contrast, we have reported previously that EGF and insulin alone can rapidly stimulate hepatocyte DNA synthesis and proliferation during short-term cultures (i.e. approx. 3-4 hr) (5, 6) . The density dependency of hepatocyte proliferation is regulated differently between these growth factors. Hepatocyte DNA synthesis and proliferation induced by EGF are strictly dependent on the initial plating density, unlike insulin induction, which appears to be independent of the initial plating density. Furthermore, EGF-or insulin-stimulated hepatocyte DNA synthesis and proliferation appear to be potentiated by β-adrenoceptor agonists and other cAMP-elevating agents.
Similarly, platelet-derived growth factor (PDGF) is a potent stimulator of the proliferation of connective-tissue cell such as fibroblasts and smooth muscle cells (7, 8) , and may play a role in the liver regeneration process (1) .
Recent studies have begun to demonstrate the signal transduction pathway activated in response to PDGF in some cell types (9, 10) . The receptor for PDGF, like the receptor for EGF, insulin and HGF, contains intrinsic tyrosine kinase activity. The mitogenic effects of PDGF are reportedly mediated through the activation of tyrosine kinase-linked receptors.
However, little is known about which of the signals originating in the plasma membrane are involved in the induction of hepatocyte DNA synthesis and proliferation by PDGF. Thus, the present study investigated the direct action of PDGF on DNA synthesis and replication of adult rat hepatocytes in primary culture in vitro. It also investigated the effects of α 1 -adrenoceptor agonist on PDGF-induced DNA synthesis and proliferation in adult rat hepatocytes to clarify the relationship between PDGF action and α 1 -adrenoceptor responses, since there are indications that hepatocyte DNA synthesis and proliferation are modified by α 1 -adrenoceptor receptor-mediated responses (11) (12) (13) (14) (15) in the presence of HGF. Finally, the cell signaling systems involved in PDGF responsiveness in primary cultures of adult rat hepatocytes were investigated by pharmacological approaches.
MATERIALS AND METHODS

Hepatocyte isolation and culture
Male Wistar rats (weight 200-250 g) were obtained from Saitama Experimental Co. (Saitama). The rats were anesthetized by intraperitoneal injection of sodium pentobarbital (45 mg/kg). Two-step in situ collagenase perfusion was performed to facilitate disaggregation of the adult rat liver as described previously (16, 17) . Briefly, the liver was first washed via the portal vein with a calcium-free 10 mM HEPES buffer (pH 7.4) at 37℃ and a flow rate of 30 ml/min for 10 min. The second step was performed with the same buffer containing 0.025% collagenase and 0.075% CaCl2 at flow rate of 30 ml/min for 10 min. The cells were dispersed in Ca 2+ -free Hanks' solution containing kanamycin (48 μg/ml). The cells were then washed three times by slow centrifugation (120g) for 1 min in order to remove cell debris, damaged cells and non-parenchymal cells. The viability of hepatocytes always exceeded 94%, as determined by the trypan blue exclusion test. Unless otherwise indicated, isolated hepatocytes were plated onto collagen-coated plastic culture dishes (Sumitomo Bakelite Co., Tokyo) at a density of 3.3 x 10 4 cells/cm 2 in Williams' medium E containing 5% bovine calf serum, 10 -10 M dexamethasone for 3 hr in 5% CO2 in air. The medium was then changed, and the cells were cultured in serum-free Williams' medium E containing various concentrations of PDGF with or without a β-adrenoceptor agonist, cAMP-elevating agents, an α1-adrenoceptor agonist, and/or specific inhibitors of signal transducers.
Measurement of DNA synthesis
Hepatocyte DNA synthesis was assessed by measuring the incorporation of Incorporation into DNA was then determined as described previously (5).
Hepatocyte protein content was measured by a modified Lowry procedure with bovine serum albumin as a standard (19) .
Counting nuclei
The number of nuclei was counted instead of the cell number according to the previously described procedure of Nakamura et al. with minor modifications (4). Briefly, the primary cultured hepatocytes were washed twice with 2 ml of Dulbecco's phosphate-buffered saline (pH 7. 
Statistical analysis
Data are expressed as mean ± S.E.M. Data were analyzed by the unpaired Student's t-test. P values less than 0.05 were regarded as statistically significant.
RESULTS
Time course of stimulation of hepatocyte DNA synthesis and proliferation by PDGF with or without phenylephrine
Isolated adult rat hepatocytes were treated using PDGF with or without phenylephrine for various culture periods, and DNA synthesis was 
Influence of cell density on PDGF-stimulated hepatocyte DNA synthesis and proliferation with or without phenylephrine
To determine if the proliferative effect of PDGF is affected by the initial plating density, we investigated the density-dependency of hepatocyte DNA synthesis and proliferation induced by 10 ng/ml PDGF with or without phenylephrine (10 -6 M). Figure 3 shows that hepatocyte DNA synthesis induced by PDGF (10 ng/ml) was not influenced significantly by the initial plating density. However, phenylephrine-stimulated hepatocyte DNA synthesis in the presence of PDGF was significantly inhibited at a higher cell density. As shown in Fig. 4 , the increase in the number of nuclei induced by 10 ng/ml PDGF reached a plateau at a cell density of 3. To test the influence of the α1-adrenoceptor-mediated mechanism on PDGF activity, we examined the dose-dependent effects of phenylephrine on PDGF-stimulated DNA synthesis and proliferation at a low density during the early phase of culture ( and calcium ion) on PDGF-induced hepatocyte DNA synthesis and proliferation during the early and late phases of culture. As summarized in Table 2 
DISCUSSION
As shown in Fig.1 , we found for the first time that PDGF alone stimulated hepatocytes DNA synthesis and proliferation after a lag of approximately 3-4 hr in primary culture. Similarly, we found that stimulation of hepatocytes with PDGF (10 ng/ml) markedly increased hepatocyte DNA synthesis and proliferation, particularly when PDGF was added in combination with an α1-adrenoceptor agonist such as phenylephrine (Fig.1 ).
Since phenylephrine alone did not stimulate hepatocyle DNA synthesis and proliferation, the co-mitogenic effects of phenylephrine are likely to be, at least in part, explained by interaction with PDGF signaling mechanisms.
Possible mechanisms for this phenomenon will be discussed later. Figure 1 also showed that based on the similarities with the case of insulin (6), the ability of PDGF to induce hepatocyle DNA synthesis and proliferation does not appear to be strictly dependent on the initial plating density in the absence of phenylephrine (Figs. 3 and 4) . The density-independent mechanisms of hepatocyte DNA synthesis and proliferation are probably due to production of stimulatory autocrine factor(s) and/or reduced production of inhibitory autocrine factor(s) by the hepatocytes in primary culture (4) . Alternatively, it may be a loss of regulation due to cell-cell contact (29) (30) (31) . However, further studies are required to confirm this hypothesis.
PDGF reportedly acts through tyrosine kinase receptors that phosphorylate and activate phospholipase C (PLC-γ), which leads to enhanced DG and inositol 1,4,5-trisphosphate (IP 3 ) production (32).
Phenylephrine is also known to exert its action through the stimulation of phospholipase C (PLC-β) via Gq-protein. PLC-β catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to IP 3 and DG. Generation of IP 3 leads to mobilization of calcium ions from intracellular stores, whereas DG activates different isozymes of the PKC family (32) . Therefore, using two mechanistically distinct inhibitors of signal transducers, U73122 (an inhibitor of PLC) and sphingosine (an inhibitor of PKC), the mechanisms leading to PDGF stimulation of hepatocyte DNA synthesis and proliferation were investigated (33) (34) (35) . As summarized in Table 2, U73122 (3 x 10 Hepatocytes were plated at a density of 3.3 x 10 4 cells/cm 2 and cultured as described in legend for Fig. 1 . Specific α1-and α2-adrenergic antagonists, phenylephrine and cAMP-elevating agents were added with 10 ng/ml PDGF immediately after medium change and cells were 
